Introduction
============

Hypercholesterolemia is among the major risk factors for atherosclerosis.^([@B1])^ Low-density lipoproteins (LDL), the major cholesterol carrier in the circulation, can undergo oxidative modification by vascular cells and the cellular uptake of oxidized LDL (LDLox) also leads to the generation of reactive oxygen species (ROS).^([@B2])^ Accordingly, increased levels of LDLox and oxidized LDL antibodies (LDLoxAB) have been found in the serum of hypercholesterolemic (HC) subjects.^([@B3])^

Oxidative stress plays an important role in hypercholesterolemia and atherosclerosis.^([@B4])^ LDL oxidation affects its lipid and protein components and oxidative modifications in these molecules are involved in the mechanisms leading to endothelial dysfunction during HC atherosclerosis.^([@B4])^ Oxidative modifications in lipids and proteins can be assessed by measuring thiobarbituric acid reactive substances (TBARS) and protein carbonyl contents.^([@B4])^ In addition, LDL size and oxidizability seem to be related to its fatty acid (FA) composition.^([@B5])^ However, the relationships between LDL oxidizability, FA composition and oxidant/antioxidant status in hypercholesterolemia are still not clear.

Since LDL oxidation can initiate atherogenesis, antioxidant status should have a major impact not only on the rate of LDL oxidation but also on the development of atherosclerosis.^([@B4])^ The antioxidant enzyme thioredoxin reductase-1 (TrxR-1) is a selenoflavoprotein involved in many processes that modulate intracellular ROS levels.^([@B6])^ Since TrxR-1 has a broad range of substrates, such as thioredoxin and selenium compounds, and acts in the redox regulation, it could play an important protective role against LDL oxidation and atherosclerosis progression. Accordingly, an up-regulation of TrxR-1 in human macrophages has been described as a cellular defense against LDLox.^([@B7])^ However, only few studies were found on the behavior of TrxR-1 in the extracellular environment during hypercholesterolemia and cardiovascular diseases.^([@B8],[@B9])^ Another line of defense against oxidative stress is paraoxonase (PON1), a circulating enzyme attached to high-density lipoprotein (HDL). It protects plasma lipoproteins from oxidative modification by hydrolyzing and reducing bioactive lipid hydroperoxides.^([@B10])^ In humans, low PON1 activity is an independent predictor of acute coronary events.^([@B11])^

Supplementation with antioxidant-containing foodstuffs, such as carotenoid-rich fruits, decreases LDL oxidation, playing a beneficial role against cardiovascular diseases.^([@B12])^ Astaxanthin (ASX) is a carotenoid synthesized by algae and distributed in marine seafood.^([@B13])^ It effectively scavenges free radicals, thereby protecting FA and biological membranes from oxidative damage.^([@B13])^ However, the possible protective role of ASX against FA changes induced by hypercholesterolemia has not been investigated. ASX has been suggested as a novel potential treatment for oxidative stress and inflammation in cardiovascular diseases,^([@B14])^ but there are still many controversies about the protective potential of ASX in cardiovascular events. ASX had no protective effect against LDL oxidation and atherosclerotic lesions in Watanabe heritable hyperlipidemic rabbits^([@B15])^ or against aortic damage in atherosclerotic New Zealand rabbits.^([@B16])^ However, ASX prevented the oxidation of human LDL *in vitro*^([@B17])^ and stabilised atherosclerotic plaques in rabbits.^([@B18])^

We have recently evaluated the effects of ASX in the aortic tissue of atherosclerotic rabbits.^([@B16])^ Since ASX is carried in serum and hypercholesterolemia is an important event in atherosclerosis, the knowledge of ASX effects on the lipids and oxidative stress in the serum will complement previous data on the aortic tissue. Furthermore, the possible protective role of ASX on PON1 activity during experimental hypercholesterolemia has not been investigated.

The objective of the present study was to investigate the possible protective role of ASX in experimental hypercholesterolemia by evaluating PON1 and TrxR-1 activities as well as other oxidative stress parameters, lipid levels and FA composition in the serum.

Materials and Methods
=====================

Ethics
------

This study was approved by the Ethics and Animal Welfare Committee of the Federal University of Santa Maria (23081.019182/2007-10) and is in agreement with Brazilian guidelines for animal usage in research.

Serum ASX
---------

To evaluate the resulting concentration of ASX in blood after dietary intake, eight-weeks-old male New Zealand white rabbits (1.7 to 2.0 kg of body weight) were fed natural ASX (2% powder, Fuji Chemical Industry Co. Ltd., Toyama, Japan) at 50, 100 and 500 mg/100 g diet in standard chow. The standard chow (SUPRA, São Leopoldo, Brazil) had (g/kg): 120 moisture, 170 crude protein, 20 ether extract, 140 ash, 130 crude fibre, 12 phosphorus and 6 calcium. ASX was dissolved in diethyl ether and sprayed on the standard chow to yield the ASX-supplemented diets. The ASX-supplemented chows were left to allow the ether to evaporate before storage, protected from light and under refrigeration. The ASX doses were chosen based on a previous study.^([@B15])^ Three animals per experimental group were used in this experiment. Rabbits were previously fasted for twelve hours and then blood samples were taken from the marginal ear vein before (baseline) and 3, 6, 9, 12 and 24 h after receiving a single meal (100 g of chow). Blood samples were centrifuged to yield serum samples. Serum ASX concentrations were analyzed by HPLC. Samples were prepared as previously reported.^([@B19])^ Brieﬂy, 600 µl of acetone containing 2 µg/ml of β-apo-8\'-carotenal, as an internal standard, was added to 100 µl of a serum sample. After vortex-mixing for 1 min, the mixture was extracted with 600 µl of hexane. The organic layer was collected and dried under a gentle stream of N~2~ gas at 25°C. A 100 µl aliquot of the mobile phase was added to reconstitute the residue and 20 µl was directly injected onto a C18 reversed-phase Shim-pack CLC ODS (M) column (250 × 4.6 mm, 5 µm) with a guard column (Shim-pack GODS, 10 × 4 mm) (Shimadzu, Tokyo, Japan). The mobile phase consisted of methanol, *t*-butylmethylether and 1% phosphoric acid aqueous solution at a ﬂow-rate of 1.0 ml/min. A gradient was employed, from 15:81:4 to 80:16:4 in 19 min, returning to the initial proportion until the end of the run (at 25 min). The column eluent was monitored using a photodiode array detector at 474 nm. The retention times for ASX and the internal standard were approximately 5.0 and 12.0 min, respectively. The detection limit of ASX in serum samples was 0.05 µg/ml.

Hypercholesterolemia experiment
-------------------------------

Eight-weeks-old male New Zealand white rabbits were housed in individual cages, under a 12:12 h light:dark cycle with access to100 g of chow per day and water *ad libitum*. After 1 week of adaptation, the rabbits weighing 1.83 ± 0.33 kg were randomly divided into eight experimental groups, each one with six animals. The control group was fed a standard diet chow (SUPRA, São Leopoldo, Brazil); the HC groups were fed a diet enriched with 1% cholesterol (Vetec, Brazil); and the supplemented groups were fed natural ASX (2% powder, Fuji Chemical Industry Co. Ltd., Toyama, Japan) at 50, 100 and 500 mg/100 g diet in standard or HC diets. The standard diet chow had (g/kg): 120 moisture, 170 crude protein, 20 ether extract, 140 ash, 130 crude fibre, 12 phosphorus and 6 calcium. Cholesterol and ASX were dissolved in diethyl ether and sprayed on the standard chow to yield the cholesterol enriched and ASX-supplemented diets. The standard chow of the control group was sprayed with diethyl ether (vehicle). The standard and supplemented chows were left to allow the ether to evaporate before storage, protected from light and under refrigeration. Chows were prepared once a week. All animals received a daily portion of 100 g chow for 60 days, and their body weight was checked once a week. The cholesterol dose was chosen based on a previous study.^([@B20])^ Blood samples were collected from rabbits fasted for twelve hours by cardiac puncture before (baseline) and after 60 days of treatment. At the end of the experimental period, animals were sacrificed with an intravenous overdose of thiopental. Blood samples were collected into tubes without additives and centrifuged at 3,000 × *g* for 10 min. Serum was removed immediately and stored at −20°C until biochemical analyses.

Serum lipids
------------

Total cholesterol (TC), triglycerides (TG) and HDL levels were determined by enzymatic methods, using commercial kit reagents (Doles, Goiania, GO, Brazil). Non-HDL cholesterol levels were calculated as the difference between TC and HDL and represent the sum of VLDL (very low-density lipoprotein), LDL and IDL (intermediate-density lipoprotein) fractions.

Lipid peroxidation (LPO)
------------------------

After the addition of 7.2 mM butylated hydroxytoluene to prevent further oxidation, LPO was estimated by the measurement of TBARS in serum samples using a standard curve of 1,1,3,3-tetraethoxypropane.^([@B21])^

Protein oxidation
-----------------

Protein oxidation was determined based on the reaction of the carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH) to form 2,4-dinitrophenylhydrazone.^([@B22])^

LDLox and LDLoxAB
-----------------

LDLox was determined by a capture ELISA kit according to the manufacturer's instructions (Mercodia AB, Uppsala, Sweden).^([@B23])^ LDLoxAB was determined using ELISA.^([@B24])^

PON1 activity
-------------

PON1 activity was assessed by measuring the rate of paraoxon hydrolysis to yield *para*-nitrophenol, at 412 nm and 25°C.^([@B25])^

Antioxidant enzymes
-------------------

TrxR-1 activity was determined using 5,5\'-dithiobis (2-nitrobenzoic acid) (DTNB) and reduced adenine dinucleotide phosphate (NADPH). This method is based on the reduction of DTNB, which is indicated by an increase in absorbance at 412 nm.^([@B26])^ Superoxide dismutase (SOD) activity was determined based on its ability to inhibit the autoxidation of epinephrine to adrenochrome at an alkaline pH.^([@B27])^

FA composition
--------------

FA composition in serum was determined by a one-step reaction^([@B28])^ with some modification. Serum (50 µl) was mixed with 1 ml methanol/isooctane (4:1, v/v) and 100 µl acetyl chloride and was incubated at 100°C for 60 min; then 60 g/l aqueous potassium carbonate containing 100 g/l sodium chloride was added. The mixture was shaken for 10 min at room temperature and centrifuged at 1,800 × *g* for 5 min. The isooctane phase, containing the FA methyl esters, was injected (1 µl, split ratio 50:1) in an Agilent Technologies gas chromatograph (HP 6890) fitted with a capillary column DB-23 (50% cyanopropylmethylpolysiloxane, 60 m × 0.25 mm × 0.25 µm) and flame ionization detection. Standard FA methyl esters (37-component FAME Mix, Sigma, St. Louis, MO) were used to identify the fatty acids.

Protein quantification
----------------------

Protein was measured using bovine serum albumin as the standard.^([@B29])^

*In vitro* cell-free assays
---------------------------

The direct effect of ASX on TrxR-1 and PON1 activities was assessed *in vitro* in cell-free assays using the serum from four normocholesterolemic non-treated rabbits as the source of enzymes. The serum was preincubated at 37°C for 1 h in the presence of ASX (0, 3, 10, 30 or 100 µg/ml). After the preincubation, the enzymes activities were determined as described before for TrxR-1^([@B26])^ and PON1.^([@B25])^ ASX concentrations for these *in vitro* experiments were chosen based on the blood levels of ASX after oral intake, which were found in the present study and in a previous one.^([@B30])^

Statistical analysis
--------------------

The data from the *in vitro* assays were analyzed using one-way ANOVA, whereas the data from the *in vivo* experiments were analyzed using two-way ANOVA. ANOVA tests were followed by *post hoc* Duncan's multiple range test when necessary. Results were expressed as the mean ± standard error of the mean and differences were considered statistically significant when *p*\<0.05.

Results
=======

ASX was not detected in the serum of rabbits prior to ASX supplementation (baseline value). Serum ASX concentrations increased in a dose-dependent manner after a single meal containing ASX (50--500 mg/100 g) (*p*\<0.05, data not shown). Peak serum concentrations of ASX were observed around 12 h after a single meal and these concentrations ranged from 0.67 to 6.96 µg/ml in rabbits fed 50 to 500 mg/100 g of ASX, respectively (*p*\<0.05).

In the hypercholesterolemia study, no differences were found among the experimental groups with respect to weight gain during the experimental period (data not shown). The initial average body weight of the animals was 1.83 ± 0.33 kg, and the animals grew to a final body weight of 2.68 ± 0.22 kg. In addition, the baseline values (before the experimental period) of all parameters were not different among the experimental groups (data not shown).

The profile of serum FA is presented in Table [1](#T1){ref-type="table"}. Feeding rabbits a HC diet for 60 days decreased the serum levels of total saturated FA (SFA), whereas the total unsaturated FA (UFA), monounsaturated FA (MUFA) and UFA/SFA ratio were increased when compared to the no-ASX control group (*p*\<0.05). These changes were due to a decrease in the levels of palmitic and estearic acid and an increase in the levels of oleic acid (data not shown). HC rabbits also had decreased levels of arachidonic acid (data not shown). ASX had no effect on changes in the FA composition induced by a HC diet at any of the evaluated doses (*p*\>0.05). In addition, neither cholesterol nor ASX supplementation changed the levels of total polyunsaturated FA (PUFA) in the serum of rabbits (*p*\>0.05).

The cholesterol enriched diet increased TC, TG, HDL and non-HDL cholesterol serum levels when compared to control groups (Fig. [1](#F1){ref-type="fig"}, *p*\<0.05), which confirms that the cholesterol enriched diet induced hyperlipidemia. Dietary supplementation with ASX did not prevent the increase in serum lipids at any of the doses evaluated (Fig. [1](#F1){ref-type="fig"}, *p*\>0.05).

The HC diet increased TBARS and protein carbonyl groups content, as well as LDLox and LDLoxAB levels when compared to the control group (Fig. [2](#F2){ref-type="fig"}, *p*\<0.05). Although the increased levels of TBARS, LDLox and LDLoxAB were not attenuated by any dose of ASX, 100 and 500 mg/100 g of ASX did prevent the increase in protein carbonyl content (*p*\<0.05). In addition, 500 mg/100 g of ASX decreased protein carbonyl content *per se* (*p*\<0.05).

The HC diet inhibited PON1 activity, but increased SOD and TrxR-1 activities when compared to the control group (*p*\<0.05; Fig. [3](#F3){ref-type="fig"}). Although no ASX doses prevented the increase in SOD activity, changes in TrxR-1 and PON1 activities were attenuated by all ASX doses evaluated.

Cell-free *in vitro* assays were used to determine whether ASX had a direct effect on the activity of TrxR-1 or PON1. The serum of untreated normocholesterolemic rabbits was used as the source of enzymes in these assays. The incubation with ASX (30 and 100 µg/ml) caused a significant increase in TrxR-1 activity when compared to control (*p*\<0.05; Fig. [4](#F4){ref-type="fig"}A). No ASX concentration (0--100 µg/ml) affected PON1 activity *in vitro* (*p*\>0.05; Fig. [4](#F4){ref-type="fig"}B).

Discussion
==========

The present study clearly indicates that ASX is well absorbed into the systemic blood circulation and maximum levels of ASX in the serum of rabbits were reached 12 h after a single meal containing 50, 100 or 500 mg/100 g of ASX. These findings are consistent with a previous study in humans,^([@B31])^ which showed that the maximum plasma level was reached 11.5 h after the oral ASX administration (doses of 10 and 100 mg).

Cholesterol-enriched diets induce MUFA synthesis^([@B32])^ in order to provide free FA for the synthesis of cholesteryl esters, which is the major form of circulating cholesterol in the plasma of cholesterol-fed rabbits.^([@B33])^ Accordingly, the contribution of MUFA to the total levels of serum FA increased after feeding rabbits with a HC diet for 60 days. The decreased levels of total SFA in cholesterol-fed rabbits may be explained because palmitic and estearic acid are consumed to synthesize MUFA.^([@B32])^ As reported previously, the HC diet increased the levels of serum TC, TG, HDL and non-HDL cholesterol^([@B20])^ along with changes in the FA profile. In fact, non-high-density lipoproteins, such as VLDL and LDL are the major carriers of cholesterol in circulation.^([@B34])^

Hypercholesterolemia increases the synthesis of prostaglandins and leukotrienes from arachidonic acid generating ROS.^([@B2])^ Therefore, hypercholesterolemia is associated with the increased susceptibility of LDL to oxidation.^([@B2])^ Accordingly, in the present study LDL oxidation in HC rabbits was accompanied by reduced arachidonic acid levels. LDL oxidation is dependent on the presence of oxidizable lipids, such as PUFA.^([@B35])^ However, PUFA levels of HC rabbits remained unchanged, probably due to a balance between PUFA synthesis and degradation. In fact, PUFA may be lost by oxidation in salmon, but oxidative events induce a compensatory overproduction of PUFA in order to replace this loss.^([@B36])^

ASX has strong antioxidant properties, protecting FA and biological membranes from oxidative damage.^([@B13])^ Additionally, ASX deficiency increases the conversion of FA to their long-chain highly unsaturated products in salmons in order to replace those FA lost due to the oxidative process.^([@B36])^ However, in our study, ASX supplementation did not prevent changes in the FA composition in HC rabbits. This could be linked to the fact that xanthophylls, such as ASX, are found in chylomicrons and in the serum of humans in a non-esterified free form,^([@B37])^ not requiring FA for its transport. The lack of hypolipidemic effect of ASX in HC rabbits in this study has already been reported,^([@B15])^ but this work is the first to report the effects of ASX on serum FA composition during experimental hypercholesterolemia.

LDL oxidation *in vivo* affects its lipid and protein components at different stages.^([@B4])^ In the first stage, lipids are oxidized with minor protein oxidation. In the second stage, both lipids and proteins are attacked by free radicals.^([@B4])^ In agreement, HC rabbits showed increased serum lipid and protein oxidation along with high levels of LDLox. LDLox may damage membrane proteins and phospholipids, which can impair the endothelial function.^([@B38])^ Oxidative modification of LDL induces the formation of LDLoxAB, which can be detected in serum.^([@B3])^ Moreover, LDLoxAB have been shown to block the uptake of LDLox by macrophages, suggesting a possible role in preventing the formation of foam cells.^([@B38])^ Accordingly, we observed increased LDLoxAB levels in the serum of HC rabbits, which supports the idea that antibodies were secreted in order to combat LDLox toxicity.

ASX did not prevent the increase in LPO, LDLox or LDLoxAB levels induced by hypercholesterolemia. However, ASX attenuated both basal and cholesterol-induced serum protein oxidation. In fact, ASX is a potent scavenger of oxygen radicals^([@B13])^ and inhibits both the basal and heavy metal-induced protein oxidation.^([@B39])^ Due to its polarity, ASX is assumed to be attached to the surface of chylomicrons and lipoproteins as well as in association with serum albumin.^([@B40])^ Thus, we cannot rule out the thought that ASX would be in a favorable location to prevent protein oxidation rather than lipid oxidation.

Despite protection against protein oxidation, no ASX doses prevented the increase in serum SOD activity induced by hypercholesterolemia. Serum SOD is mainly synthesized and secreted from vascular smooth muscle cells and macrophages, playing a central role in cardiovascular antioxidant mechanisms.^([@B41])^ SOD activity increased in HC rabbits most likely to remove superoxide anion generated during hypercholesterolemia,^([@B42])^ however superoxide production seems to have exceeded the antioxidant capacity of SOD, since we observed LPO and protein oxidation even with increased SOD activity.

TrxR-1 is a redox-active selenoprotein that efficiently regenerates oxidized thioredoxin. Reduced thioredoxin maintains proteins, such as peroxiredoxins, in their reduced state in order to remove hydrogen peroxide (H~2~O~2~) and alkyl peroxides.^([@B6])^ The increased TrxR-1 activity in HC rabbits may indicate that TrxR-1 plays a protective role against protein oxidation induced by hypercholesterolemia. In fact, overexpression and release of TrxR-1 occurs in oxidative events.^([@B43])^ Also, it suggests a role of TrxR-1 in the decomposition of H~2~O~2~ generated by SOD.^([@B44])^ Thus, ASX protection against protein oxidation could also explain its protective action on TrxR-1 changes, since ASX would remove ROS sparing this antioxidant enzyme. Although the protective effect of ASX against changes in TrxR-1 activity has previously been reported in the aortic tissue from atherosclerotic rabbits,^([@B16])^ this is the first report on serum TrxR-1 activity. Thioredoxin levels are known to increase in plasma during oxidative stress,^([@B45])^ but there are few data on the behavior of TrxR-1 in plasma and its relationship with cardiovascular diseases.^([@B8],[@B9])^ Since serum TrxR-1 seems to be secreted by circulating monocytes^([@B43])^ and these cells are involved in the atherogenic process, it is possible that serum TrxR-1 can be modulated by cardiovascular events, such as hypercholesterolemia and atherosclerosis. A previous report^([@B8])^ revealed that serum TrxR-1 increased in patients with coronary artery disease measured by coronary angiograms, when compared to healthy individuals. In line with this, atherosclerotic plaques had almost two-fold increase in the level of TrxR-1mRNA when compared to the surrounding healthy areas of the artery specimen taken from the same patients.^([@B46])^ Thus, changes in TrxR-1 seem to be relevant to the pathology of cardiovascular diseases. Accordingly, dietary blueberries prevented changes in TrxR-1 and reduced the area of atherosclerotic lesion in the aorta of apolipoprotein E-deficient mice.^([@B47])^

PON1 is an enzyme almost exclusively located on serum HDL that is mainly responsible for the breakdown of lipid peroxides before they can accumulate in LDL.^([@B10])^ Despite its importance, the enzymatic activity of PON1 is readily inactivated by oxidants.^([@B10])^ Accordingly, PON1 activity was inhibited along with increased LDLox in the serum of HC rabbits in the present study. The decrease of serum PON1 activity seems to be important for the pathological changes in rabbits fed an atherogenic diet, because it was accompanied by the formation of atherosclerotic plaques.^([@B48],[@B49])^ All ASX doses prevented PON1 inhibition and this effect could be explained by the metabolism of xanthophylls, such as ASX, in the blood stream of Atlantic salmon since this process is similar in salmons and mammalians.^([@B50])^ During its transportation in salmon, ASX is transferred to HDL from VLDL and LDL.^([@B40])^ Thus, we suggest that ASX could be next to the attachment site of PON1 in HDL and exerting its antioxidant effects. Interestingly, although PON1 activity was restored by ASX, this carotenoid did not prevent LDL oxidation in HC rabbits. HC rabbits that received ASX had PON1 levels similar to those of control rabbits (no cholesterol diets), however, their serum levels of all lipoproteins were much higher than those of the control rabbits. Thus, it is possible that the inability of PON1 to prevent LDL oxidation in the HC rabbits that received ASX may be related to their lower PON1/HDL ratio (0.9--1.6) when compared to control groups (54.5--83.1). Alternatively, these findings suggest that factors other than PON1 may influence LDL oxidation and that these factors could not be completely controlled by ASX. In fact, HDL-associated enzymes other than PON1, such as lecithin/cholesterol acyltransferase (LCAT) and platelet-activating factor acyl hydrolase (PAF-AH) were also implicated in the antioxidative properties of HDL.^([@B51])^ The protective effect of ASX on PON1 has been described here for the first time, but the effects of ASX on LCAT and PAF-AH still remain unknown. Although ASX did not prevent LDL oxidation in the present study, the prevention of changes in PON1 activity has been associated to the protective effect of antioxidants against atherosclerotic lesions in apolipoprotein E-deficient mice.^([@B52],[@B53])^ In addition, the hypocholesterolemic drug atorvastatin limited plaque formation and attenuated the inibition in serum PON1 activity caused by HC diet in New Zealand rabbits.^([@B48])^

Our cell-free *in vitro* assays revealed that ASX had no direct effect on PON1 activity, which contrasts with the *in vivo* effect of ASX in HC rabbits, i.e., increase of PON1 activity. Therefore, the protective effect of ASX against the PON1 decrease caused by hypercholesterolemia is not due to a direct stimulatory effect of this carotenoid on PON1. TrxR-1 data also indicate that the protective effect of ASX against the increase of TrxR-1 caused by hypercholesterolemia *in vivo* was not caused by a direct inhibitory effect of the carotenoid on enzyme activity, because ASX stimulated TrxR-1 activity *in vitro*. This stimulatory effect of ASX on TrxR-1 was not observed *in vivo*, possibly because it occurs at ASX concentrations (30 µg/ml onwards) higher than the peak concentration reached after dietary intake of the highest ASX dose (about 7 µg/ml serum). Although this serum ASX concentration was evaluated after the intake of a single meal, a previous study in other mammals (cats and dogs) showed that serum ASX concentration has a small increase after repeated daily oral doses when compared to a single oral dose (1.5-fold).^([@B30])^ Thus, we can assume that the daily peak serum ASX concentrations during the treatment of HC rabbits with ASX were only slightly higher than those found in our single meal study.

All protective effects of ASX shown in the present study could be attributed to the high scavenger potential of ASX, which protects against free radicals generated by hypercholesterolemia, sparing antioxidant defenses. ASX stabilizes free radicals by adding them to its long double-bond chain rather than donating an atom or electron to the radical.^([@B15])^ Consequently, it can resist chain reactions that occur when a FA is oxidized, thus allowing it to scavenge or quench longer than antioxidants that cannot stop this chain reaction.^([@B13])^

For these reasons, natural microalgae or shrimp shell extracts containing ASX have been approved by the Food and Drug Administration (FDA) as nutraceuticals, while derivatives of ASX are being developed for pharmaceutical applications in human disorders where oxidative stress-mediated damage may be important, including cardiovascular diseases.^([@B14])^

In conclusion, we demonstrated that ASX prevents changes in PON1 and TrxR-1 activities as well as protein oxidation in the serum from HC rabbits and this protection could be valuable for cardiovascular diseases therapy.
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![Total cholesterol (A), triglycerides (B), HDL (C) and non-HDL cholesterol (D) levels of rabbits fed with a cholesterol and/or ASX enriched diet (means ± SEM, *n* = 6). \*Different from control groups (*p*\<0.05).](jcbn11-74f01){#F1}

![TBARS levels (A), protein carbonyl content (B), LDLox (C) and LDLoxAB (D) levels of rabbits fed with a cholesterol and/or ASX enriched diet (means ± SEM, *n* = 6). \*Different from control groups (*p*\<0.05). ^\#^Different from ASX 0-Chol group (*p*\<0.05). ^&^Different from ASX 0-control group (*p*\<0.05). MDA = malondialdehyde.](jcbn11-74f02){#F2}

![PON1 (A), SOD (B) and TrxR-1 (C) activities of rabbits fed with a cholesterol and/or ASX enriched diet (means ± SEM, *n* = 6). \*Different from control groups (*p*\<0.05). ^\#^Different from ASX 0-Chol group (*p*\<0.05).](jcbn11-74f03){#F3}

![*In vitro* effect of ASX on serum TrxR-1 (A) and PON1 (B) activities from rabbits. Serum was preincubated for 1 h in the presence of 0, 3, 10, 30 or 100 µg/ml of ASX. Then, the activities of TrxR-1 and PON1 were determined as described in Materials and Methods section. Data are means ± SEM (*n* = 4). \*Different from control (0 µg ASX/ml) at *p*\<0.05.](jcbn11-74f04){#F4}

###### 

Fatty acid composition (% of total fatty acids) of serum from rabbits fed a cholesterol and/or ASX enriched diet

  Fatty acids     Control      Cholesterol                                                                          
  --------------- ------------ ------------- ------------ ------------ -------------- -------------- -------------- --------------
  Σ SFA           43.4 ± 1.9   45.6 ± 0.8    45.1 ± 1.7   45.3 ± 1.2   33.7 ± 1.4\*   33.0 ± 2.5\*   34.2 ± 2.4\*   33.7 ± 1.7\*
  Σ UFA           56.5 ± 2.5   54.3 ± 0.5    54.8 ± 1.7   54.6 ± 1.2   66.2 ± 1.5\*   66.9 ± 2.5\*   65.6 ± 2.4\*   66.1 ± 1.7\*
  Σ MUFA          21.4 ± 2.0   18.1 ± 1.0    18.5 ± 0.8   20.2 ± 0.5   35.1 ± 0.7\*   35.4 ± 0.7\*   32.4 ± 1.5\*   33.8 ± 0.9\*
  Σ PUFA          35.1 ± 1.6   36.7 ± 1.8    36.2 ± 1.4   33.3 ± 2.2   31.3 ± 1.0     30.6 ± 2.5     33.3 ± 1.2     32.4 ± 1.8
  UFA/SFA ratio   1.4 ± 0.1    1.3 ± 0.0     1.3 ± 0.1    1.3 ± 0.1    2.0 ± 0.1\*    2.1 ± 0.2\*    2.0 ± 0.2\*    2.0 ± 0.1\*

Results are means ± SEM (*n* = 6). ASX, astaxanthin; Σ SFA, sum of SFA; Σ UFA, sum of UFA; Σ MUFA, sum of MUFA; Σ PUFA, sum of PUFA. \*Different from control-ASX0 group (*p*\<0.05).
